Numerical Simulation on Impacts of Longitudinal Ventilation on Tunnel Fire Detection  by Li, Qi et al.
 Procedia Engineering  135 ( 2016 )  275 – 280 
Available online at www.sciencedirect.com
1877-7058 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICPFFPE 2015
doi: 10.1016/j.proeng.2016.01.123 
ScienceDirect
 
Numerical Simulation on Impacts of Longitudinal Ventilation on Tunnel 
Fire Detection 
Qi Lia, Zheng Fanga, Jian-ping Yuana*, Zhi Tanga 
aSchool of Civil Engineering, Wuhan University, Wuhan 430072, China 
Abstract 
Fire poses a great risk to people in a tunnel if it is not controlled effectively, so how to detect and locate a fire is an important issue of 
tunnel fire protection. In this study, numerical simulation has been carried out to study the impact of longitudinal ventilation on fire 
detection system of an urban tunnel using FDS 5.5. It can be concluded that the longitudinal ventilation has great influence on the 
alarming time and position when a fire breaks out in a tunnel. In order to ensure the fire is covered by the fire-fighting system, it is 
suggested that when an alarm section sends fire signals, the corresponding sprinkler section and its upstream one should be activated to 
control the fire. 
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Nomenclature 
D* heat release rate of fire (kW) 
Q           heat release rate of fire (kW) 
Cp heat capacity at constant pressure of air (kJ·kg-1K-1) 
T∞ ambient temperature (K) 
g local acceleration of gravity (m·s-2) 
Greek symbols 
ρ∞ air density under ambient temperature (kg·m-3) 
1. Introduction 
Due to the characteristics such as long structure, narrow space and poor ventilation of road tunnels, it usually takes 
approximately one minute for a fire disaster to form. Toxic smoke with high temperatures would spread fast then, doing great 
harm to people trapped in the tunnel. Additionally, post-disaster restoration is as difficult as the emergency rescue, which 
adds great importance to fire-fighting in the initial stage. 
After the Mont Blanc disaster and the Tauern tunnel fire, many researches have been done concerning fire ventilation and 
fire-fighting, but very few related to fire detection [1]. Initial longitudinal ventilation has been found to have a great influence 
on fire detection. Han Zhi, Hu Longhua et al. [2-3] have conducted full-scale experiments demonstrating that response time 
of fiber optical heat detection systems would be delayed or even become infinite as the longitudinal airflow speed turns larger. 
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Meanwhile, the researches of Kashef, Liu et al. [4-5] have come to the similar conclusion, except for one fact that the response 
times of heat detection systems to large pool fires located under a vehicle were shorter for tests with an airflow velocity of 1.5 
m/s than those in tests with minimal airflow velocity as well as for the higher airflow velocity tests. The reason for this 
phenomenon is that the increased burning rate of fire caused by increasing airflow overweighs its cooling effect for the ceiling 
temperatures. Their tests also found that the ceiling hot spot would shift from vertically above the fire source to downward 
with the maximum distance of 6-8m under longitudinal airflow conditions of 3m/s. 
In respects of hardware in fire detection technology, several fire detectors had been used in China during the first years in 
the 21st century, with inherent defect to vary degrees [6]. More specifically, thermal detectors based on rate-of-rise, which 
transmit light signals, are susceptible to electromagnetic interference, often with signal de-amplification and limited 
transmission distances. Similarly, dual-wavelength flame detectors which determine fire disasters based on characteristic 
wavelength and flicker frequency of flame radiations, are also liable to affected by electromagnetic interference, with high 
testing requirements and high maintenance costs. Meanwhile, fiber optic temperature sensors utilize light intensity for testing, 
with weak scattering signals which are not suitable for long-distance transmissions and would increase response times as well.  
Fiber Bragg gratings turn physical quantities measured into wavelengths of light beams, making use of impacts of ambient 
environment on optical gratings. It gradually became widely used on account of its advantages on anti-explosion, anti-
electromagnetic interference, high precision, high sensitivity, simple mechanism and easy accessibility. 
A series of independent researches had been conducted in Wuhan University of Technology to improve the performance 
of fiber Braff gratings form the hardware aspect [7-10]. The measuring distance and the number of measuring points had been 
greatly increased by multiplexing of WDM (Wavelength Division Multiplex) and identical fiber gratings. The mechanism is 
shown in Fig.1. The monitoring field is divided into several fire compartments by the system, each compartment with the 
length of 50~100 m and identical fiber Bragg grating wavelength of¬1 , ¬2,…, ¬n respectively. There are many measuring 
points in every compartment made up of identical fiber Bragg gratings corresponding to each wavelength of¬1 , ¬2,…, ¬n 
with 10~15 measuring points every 100 m whose reflection wavelengths are all the same in a fire compartment. If the 
movement of wavelength   is detected by the system, which means the temperature of its monitored fire compartment changes, 
would alarm if the temperature variation is beyond the set value. Corresponding fire extinguishing measures would be taken 
after the fire alarm as the automatic fire alarm system and the fire-fighting linkage control system are connected. 
Fig.1. Schematic diagram of multiplexing of WDM (Wavelength Division Multiplex) and identical fiber Bragg gratings 
Alarm intervals may have a longitudinal offset when hot smoke produced at the boundary of two adjacent fire 
compartments is carried by the airflow, which would affect the validity and accuracy of location of fire [11]. Therefore, 
quantitative analysis of offset distance of the hot spot and its influence to determine the corresponding measures would play 
a crucial role. Further research need to be conducted as few results have been achieved by now. 
This thesis takes the East Lake subaqueous tunnel as an example to investigate the impacts of longitudinal ventilation on 
the performance of fire detection systems and improve the corresponding fire-fighting linkage control measures. 
2. Numerical Modeling  
2.1. Fire Dynamics Simulator 
The fire dynamics simulation software FDS5.5, which is a widely validated and common used CFD software developed 
by NIST to solve the Navier–Stokes equations of low-speed, thermal-driven flow under low Mach number, is used in this 
thesis to evaluate the performance of fire detection systems of the East Lake subaqueous tunnel. Space is divided into several 
grids in FDS and mass conservation equation, momentum conservation equation as well as energy conservation equation are 
solved in every grid to get the spatial distribution and time-varying parameters of velocity, temperature, smoke density etc., 
among which the smoke flow and heat transfer processes are the emphasis. 
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2.2. Fire Scenario Analysis 
The simulation region of the tunnel is 600m long, with the cross section the same as the real one, specifically, the traffic 
lane 13.5m wide and 5.5m high, the smoke exhaust duct 3m wide and 2.5m high, the escape trunk 3m wide and2.5m high, 
the thickness of walls is 0.5m, which is shown in Fig.2 
Fig.2. Cross section of the tunnel model    Fig.3. Fire growth curve set in the simulation 
According to the design requirements of highway tunnel ventilation, fire size of the simulation is made 20MW, with the 
speed of fast-growing fires. The simulation time is made 500s as the research concentrates on the impacts of initial longitudinal 
ventilation on performance of fire detection systems. The fire growth curve set in the simulation is shown in Fig.3. 
Referring to the researching results of Chen Tao [12], two rows of detectors are installed on the tunnel ceiling, dividing the 
width into three equal intervals, as the tunnel consists of three lanes. Meanwhile, the detection units of the two rows are in 
staggered arrangement, that is to say, the horizontal positions of detection units in one raw are at the middle of the other. 
Different results of detection would appear for different fire locations and various initial longitudinal airflow speeds when 
a fire breaks out in a tunnel. Generally, the top surface of the bus model in numerical simulation would be set the fire source, 
whereas fire often starts inside the compartment and sprawls from windows at the four sides. Therefore, working conditions 
where fire sources are set on the four sides are specially added in the numerical simulations. 
There are three sorts of working conditions, namely, the bus on fire in the middle lane of the tunnel with fire source on 
four sides (side fire-middle lane), the bus on fire in the middle lane of the tunnel with fire source on the top surface (top fire-
middle lane), the bus on fire in a lane at side with fire source on the top surface (top fire-side lane). 
To observe the performances of fire detection systems regarding to the response times and locations of alarm points in 
different longitudinal ventilation speeds, 7 airflow conditions are chosen, which are 0m/sˈ1m/sˈ2m/sˈ3m/sˈ4m/sˈ5m/s 
and 6m/s respectively. 
2.3. Grid Independence 
Due to the dramatic change of gradient of heat-related parameters near the fire source, small grids are chosen to simulate 
the turbulence more accurately. By contrast, changes of flow fields turn mild as the distance from the fire source increases, 
large grids are set to meet the progress of calculating under the premise of saving computation time. Researches have shown 
that results of simulations are quite close to the practical situation when the grid size is set to be 0.1D* near the fire source, 
where the 0.1D* stands for characteristic diameter and can be calculated from the formula below: 
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As the designed fire size is 20MW, then the rational grid size of the simulation model would be less than or equal to 0.3 
m. Therefore, the grid size near the fire source is set 0.25 m while in places farther away the grid size is made 0.5 m, which 
is shown in Fig.4. The location of the central fire source regarded as the origin of coordinates, length, width and height of 
grids in adjacent domains are all 0.25 m within the region of -7.5 m to 7.5 m along the Y direction. In other regions, grid sizes 
along directions of X, Y, and Z are all 0.5 m. The total number of the grids are 829440, and the size allocation of grids is 
shown in Table 1. 
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Table 1.  Size Allocation of Grids 
Distance from the Central Fire Source X Direction Y Direction Z Direction 
f7.5 m 0.25m 0.25m 0.25m 
Other Regions 0.5m 0.5m 0.5m 
 
Fig.4. Schematic Diagram of Grids Allocation 
3. Results and Discussion  
The alarm temperature threshold set 60ćˈresponse times of different working conditions are present in Table 2, and 
relationships of response times and longitudinal ventilation are described in Fig.5. 
It can be seen clearly from the figure that response time increases as the longitudinal airspeed grows despite of fluctuations 
in local scopes, reaching the peak when longitudinal airspeed is 6m/s in each working condition. The longest response time 
for side fire-middle lane working condition is 282s, which is also the longest of all three working conditions, while for working 
conditions of top fire-middle lane and top fire-side lane are 232s and 245s respectively. 
In the working condition of side fire-middle lane, the response time decrease when longitudinal airflow speed increases 
from 2m/s to 3m/s, which shows a similar trend observed in tests of Kashef and Liu’s, the principle, however, are different. 
In experiments, the burning rate of fire would increase as airflow brings more oxygen, and response time would decline if the 
corresponding hearing effect outweighs the cooling effect resulted by the airflow. In numerical simulations, nevertheless, the 
burning rate of fire is a constant value that would not change with the wind. Therefore, the abnormal growth of response time 
would probably be caused by tilting of flames under longitudinal ventilation circumstances, which make the flame closer to 
the detecting point thus leading to a quicker response. This reason applies to all three working conditions, but negative growth 
only appears in one as the discrete distribution of temperature sensor points and growth of longitudinal wind. It can be noted 
that the same time as response time of side fire-middle lane condition decreases at longitudinal airflow speed of 3m/s, that of 
top fire-side lane condition stays stable, which illustrates the balanced effects of heating from tilting flame and cooling from 
wind. Whereas response time of top fire-middle lane condition increases steadily with the growth of longitudinal ventilation 
speed, which demonstrates the dominant role of cooling effect of wind. These discrepancies can also be analyzed from 
locations of various fire sources. That is, as two rows of detectors are installed on the tunnel ceiling, dividing the width into 
three equal intervals, fire sources under top fire-middle lane conditions would not affect temperature sensor points directly, 
whilst in other two working conditions fire sources much closer to the detection system would influence the detectors more 
significantly. 
Table 2. Response time of different working conditions (s) 
 Side Fire-Middle Lane Top Fire-Middle Lane Top Fire-Side Lane 
V0 138 135 136 
V1 200 158 140 
V2 221 160 168 
V3 189 167 168 
V4 212 175 187 
V5 240 202 219 
V6 282 232 245 
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Fig.5. Response times increase with the growth of ventilation speed  Fig.6. Alarm distances increase with the growth of ventilation speed 
Table 3 describes distances between alarm points and the fire source under various working conditions, and the relationship 
between distances and longitudinal ventilation speed is shown in Fig.6. 
It can be seen that distances between alarm points and the fire source show an increasing trend generally as the ventilation 
speed grows, reaching the peak when the airflow speed is 6m/s in each working condition, among which the farthest distance 
is 18m when the fire is on the top of the bus. 
Table 3. Distances between alarm points and the fire source (m) 
 Side Fire-Middle Lane Top Fire-Middle Lane Top Fire-Side Lane 
V0 0 -2 -2 
V1 3 5 3 
V2 3 5 3 
V3 5 10 8 
V4 8 13 13 
V5 13 18 13 
V6 13 18 18 
 
 Fig.7 presents the temperature of longitudinal section where fiber Bragg gratings are installed at the alarming moment 
under the longitudinal airflow speed of 6m/s in different fire conditions. In can be observed that the temperature distribution 
is more complex when the fire sources are on four sides of the bus. As the temperature sensor points distribute discretely, 
where the temperature above 60ć is an area but the alarm point send alarm signals are 13m away from the fire source under 
side fire-middle lane fire conditions and 18m in other two fire conditions, corresponding to what Table 3.shows. 
(a) 282s from ignition, side fire-middle lane;      (b) 232 from ignition, top fire-middle lane;       (c) 245 from ignition, top fire-side lane 
Fig.7. Temperature of longitudinal section where fiber Bragg gratings are installed at the alarming moment under the longitudinal airflow speed of 6m/s 
As observed in the simulation, response time would increase with the growth of longitudinal velocity, therefore the 
longitudinal velocity should be as low as possible on the premise of meeting the demand of ventilation. Influenced by the 
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tilting flame, response time of fire detecting systems increases when the longitudinal velocity is more than 3m/s. Meanwhile, 
numerical simulations results of Xiang’an Tunnel in Xiamen, advised a longitudinal airflow speed of 3m/s to be adopted to 
guarantee the smoke control effect [13].Considering the coupling of increasing burning rate and cooling effect of longitudinal 
velocity, as shown in Kashef and Liu’ experiment, and the discrepancy of tests and numerical simulation, 3m/s cannot be 
claimed the optimized operating wind speed. Further research is needed to be conducted to determine the longitudinal velocity, 
nevertheless, 3m/s can be regarded as a reference value. 
At present stage, the TGW fiber Bragg grating fire detection system is adopted in the East Lake subaqueous tunnel, and 
each alarm section has a length of 25m in order to match the sprinkler system sections. When an alarm is raised from an alarm 
section, the corresponding sprinkler section and its downstream one would be activated to control the fire. 
Based on the results of the above numerical simulations, the alarm points would be downstream the fire source 13m~18m 
under the longitudinal ventilation speed of 6m/s. Besides actual airflow with the impact of piston flow caused by the traffic 
would be larger than 6m/s, in that case the fire may trigger the next alarm section instead of the alarm section above the fire,    
which will activate the corresponding sprinkler section without covering the fire region. So it is highly recommended that the 
linkage mechanism between alarm and sprinkler system should be changed in a more reasonable way. That is, when an alarm 
section sends fire signals, the corresponding sprinkler section and its upstream one should be activated to control the fire, 
which would ensure the fire is covered by the fire-fighting system and improve the effectiveness and reliability of the fire 
safety system. 
4. Conclusions  
Numerical simulations have been carried out to study the impact of longitudinal ventilation on tunnel fire detection. 
Twenty-one fire scenarios have been simulated with different fire position and longitudinal velocity, and simulation results 
of the alarming time and position have been analyzed to evaluate the different fire cases. It can be concluded that the 
longitudinal ventilation has great influence on the alarming time and position when a fire breaks out in a tunnel. In order to 
ensure the fire is covered by the fire-fighting system, it is suggested that when an alarm section sends fire signals, the 
corresponding sprinkler section and its upstream one should be activated to control the fire. 
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